Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide. Accurate diagnosis and assessment of disease extent are crucial for proper management of patients with HCC. Imaging plays a crucial role in early detection, accurate staging, and the planning of management strategies. A variety of imaging modalities are currently used in evaluating patients with suspected HCC; these include ultrasound, computed tomography (CT), magnetic resonance imaging (MRI), nuclear medicine, and angiography. Among these modalities, dynamic MRI and CT are regarded as the best imaging techniques available for the noninvasive diagnosis of HCC. Recent improvements in CT and MRI technology have made noninvasive and reliable diagnostic assessment of hepatocellular nodules possible in the cirrhotic liver, and biopsy is frequently not required prior to treatment. Until now, the major challenge for radiologists in imaging cirrhosis has been the characterization of small cirrhotic nodules smaller than 2 cm in diameter. Further technological advancement will undoubtedly have a major impact on liver tumor imaging. The increased speed of data acquisition in CT and MRI has allowed improvements in both spatial and temporal resolution, which have made possible a more precise evaluation of the hemodynamics of liver nodules. Furthermore, the development of new, tissue-specific contrast agents such as gadoxetic acid has improved HCC detection on MRI. In this review, we discuss the role of CT and MRI in the diagnosis and staging of HCC, recent technological advances, and the strengths and limitations of these imaging modalities.
Introduction
Early detection of hepatocellular carcinoma (HCC) is important, because the most effective treatment for HCC is surgical resection or local ablation therapy when the tumor is small [1] . The imaging criteria of HCC are usually based on the vascular findings of HCC (e.g., arterial enhancement followed by washout in the portal venous and equilibrium phases) [2] [3] [4] . Understanding the hemodynamics of HCC is important for precise imaging diagnosis and treatment because there is a good correlation between hemodynamics and pathophysiology. As multistep carcinogenesis progresses from regeneration to HCC, increased arterial neovascularization combined with decreased portal blood flow are the key changes occurring within the nodules, and these features have been reported by some investigators with computed tomography (CT) during hepatic arteriography (CTHA) and CT during arterial portography (CTAP) [5, 6] . The results of previous studies using CTAP and CTHA indicated that, during the early stage of hepatocarcinogenesis, the intranodular portal supply relative to the surrounding liver parenchyma decreases, whereas the intranodular arterial supply first decreases and then increases in parallel with increasing grade of malignancy of the nodules [7] . Furthermore, according to a recent study using CTAP and CTHA, the main drainage vessels of hepatocellular nodules change from hepatic veins to hepatic sinusoids and then to portal veins during multistep hepatocarcinogenesis, mainly as a result of disappearance of the hepatic veins from the nodules [8] .
Recent progress in noninvasive imaging technologies include various techniques of harmonic ultrasound (US) imaging with new US contrast agents, and rapid high-quality multidetector row (MD) CT and MR techniques with new cell-specific contrast agents. As imaging modalities evolve, so do the potential benefits: for example, volumetric three-dimensional (3D) US could increase diagnostic accuracy by enabling a high signal-to-noise ratio, and contrast-enhanced (Sonazoid or Sonovue) US may improve vascularity assessment [9] . CT imaging has developed from two-dimensional (2D) imaging to 3D imaging, and recently, with the addition of the time axis to 3D imaging, so-called four-dimensional imaging has become possible [10] . Recently introduced 320-detector MDCT increases scan coverage. The advantages of MDCT are shorter scan times, thinner sections, and longer scan ranges. These CT machines are at least 5 times faster than those available in 2004, 20 times faster than those available in 2002, and 320 times faster than those available in 1991. Therefore, this kind of machine enables better detection of hypervascular HCC with excellent functionality, including double arterial-phase images and isotropic volume imaging. In addition, dual-energy CT could have potential clinical application in noncontrast imaging, including the assessment of liver for iron and fat content and the presence of biliary stones, whereas perfusion CT could differentiate diverse tumor tissues, although the radiation dosage incurred (10-20 mSv) is likely to limit its applicability [9] . Recent technical progress in liver magnetic resonance imaging (MRI) includes parallel-acquisition imaging (a powerful gradient system with increased speed), a new 3D gradient-echo sequence with increased resolution, 3-Tesla MRI, and phased-array coil MRI with increased signal-to-noise ratios. In addition, new contrast agents and elastography are now being developed to increase the effectiveness of detection and characterization of tumors [3, 11] . Furthermore, research into functional imaging such as perfusion imaging with CT or MRI, diffusion-weighted imaging (DWI), and elastography is making progress [12] [13] [14] [15] [16] . These techniques seem to have strong potential to improve detection and characterization of HCC [17, 18] .
In this review, the techniques of new imaging methods will be described; these methods include low-tube-voltage CT scanning, dual-energy CT, perfusion imaging [such as perfusion CT or dynamic contrast-enhanced (DCE) MRI], elastography techniques, and recent MRI techniques with new contrast agents for detecting and diagnosing HCC.
What Are the Challenges in Imaging Diagnosis of HCC?
Although dynamic imaging techniques such as dynamic CT or dynamic MR are recommended for diagnosis of HCC, such dynamic techniques with extracellular contrast agents have a number of diagnostic limitations related largely to tumor size [4] . In cirrhotic nodules larger than 1 cm in diameter in patients with chronic liver disease, the depiction on dynamic CT or MRI of a characteristic enhancement pattern consisting of hyperenhancement during the late arterial phase and washout during the venous or delayed phase is associated with nearly 100% specificity for HCC diagnosis ( fig. 1 ). Therefore, any new nodule that is larger than 1 cm and exhibits this combination of imaging findings can be considered HCC when it is observed in a cirrhotic liver [19, 20] . For de novo 1-to 2-cm nodules in a cirrhotic liver, the specificity and positive predictive power of the typical radiological pattern of HCC with a single dynamic technique (CT or MRI) have been found to be high in single-center studies, although negative predictive values of only 42% to 50% have been found [21, 22] . Due to the low sensitivity of the vascular profile for small HCCs, confirmation by biopsy is required in many cases [22] [23] [24] . Furthermore, for hypervascular nodules without washout that are larger than 1 cm, the chance of being HCC is as high as 66% [25] . Therefore, this radiological pattern can be troublesome for the diagnosis of HCC. In these cases, use of an additional imaging technique for detecting washout is advisable so that the malignancy can be confirmed without fine-needle biopsy. Another common problem related to dynamic imaging techniques is the great difficulty in differentiating small HCC from arterially enhancing pseudolesions or small hypervascular nodules other than HCCs [26] . Finally, hypovascular or isovascular HCC (such as early HCC) cannot be diagnosed with the aforementioned radiological criteria based on hemodynamic features and tumor size. The accurate detection and characterization of small hepatocellular nodules, including dysplastic nodules, early HCC, or small HCC less than 2 cm in diameter, remains a challenge when imaging patients with chronic liver disease [19] . Therefore, there is an unmet demand to improve the sensitivity of imaging for the diagnosis of small HCCs while maintaining high specificity. There have been several attempts to improve the sensitivity of CT or MR for detection of HCC, including (1) increasing the sensitivity of CT by improving detection of a small amount of iodine using low-peak-tube voltage (kVp) scanning methods or dual-energy CT scanning mode, (2) increasing the sensitivity of MR using DWI by showing restricted diffusion within malignant tumor tissue, (3) increasing the sensitivity of MR using hepatocyte-specific MR contrast media to increase the contrast between HCC and background liver parenchyma, and (4) increasing the sensitivity of CT or MR using perfu- sion imaging by improving temporal resolution.
Approaches to Improving Sensitivity of CT for Iodinated Contrast Agents

1) Low-Tube-Voltage CT Imaging
It is of paramount importance in cirrhotic patients to acquire ideal arterial phase imaging with high spatial resolution and optimal timing. The standard liver CT protocol used in most institutions includes multiphasic CT scans at 120-kVp with the use of bolus-tracking methods and high-concentration contrast medium (120-150 ml of contrast medium, concentration > 300 mgI/ml). Current MDCT scanners enable routine acquisition of submillimeter sections (0.5-0.625 mm) with isotropic resolution, which is sufficient for creating high-quality 3D images. The two most important factors that influence the detection of HCCs are lesion size and intrinsic vascularity. Lesions as small as 1 mm have been detected by MDCT, although detection of subcentimeter HCCs is regarded as being relatively difficult. In addition, it is generally believed that a minimum difference of 10 HU between the tumor and normal liver parenchyma is required for the lesion to be detected. Many HCCs are more vascular than liver parenchyma and derive their blood supply from the hepatic artery and its branches. Therefore, to improve the sensitivity of CT for detecting HCC, we need to increase the sensitivity of CT for detecting a small amount of iodinated contrast medium in tumor tissue.
Because iodinated contrast material provides greater X-ray attenuation with low tube voltage settings through an increased photoelectric effect, iodinated contrast material is more conspicuous in low-tube-voltage images (such as 80-kVp) than in high-tube-voltage images (such as 120-140-kVp) [27] . By virtue of the nature of radiation attenuation, the contrast-to-noise ratio of HCCs in late arterial-phase images taken at 80-kVp can be better than those at 120-kVp, even though the overall noise level is higher in 80-kVp images than in 120-kVp images [28, 29] (figs. 2, 3 ). With the recent advent of very high output X-ray tubes for MDCT scanners that can generate high tube current peaks (up to 800 mA), the greater image noise of the low-tube-voltage technique can be partially compensated for by an increase in the tube current-time product. Previous studies demonstrated that the high-tube-current CT technique (with a low tube voltage) improves the conspicuity of malignant hypervascular liver tumors during the late hepatic arterial phase by substantially increasing the tumor-to-liver contrast-to-noise ratio; this technique also significantly reduces the patient radiation dose [30] . In addition, the image quality of low-tube-voltage liver scans can be further improved with the use of noise-reduction techniques such as the adaptive statistical iterative reconstruction algorithm [31] .
2) Dual-Energy CT Dual-energy CT was recently introduced and its use has become more widespread. Dual-source CT uses two energies, i.e., 140 and 80-kVp. This technique can measure chemi- cal composition by means of the dual-energy index (DEI), which characterizes the spectral behavior of materials. The possibility of enhancing material differentiation by acquiring CT scans with different X-ray spectra had already been realized in the 1970s [32] , but the technique did not become clinically available until dual-source CTs were introduced in 2006. Nowadays, there are two commercially available methods for carrying out dualenergy CT. One is a dual-source CT (the SOMATOM Definition and SOMATOM Definition Flash, both from Siemens) and the other is the fast-kVp switching method (the Discovery CT750HD from GE Healthcare).
Dual-energy CT allows materials to be differentiated in the abdominal region. Material decomposition and DEI analysis with dual-energy CT can characterize renal stones by their composition and quantify hepatic iron accumulation or fatty liver disease [33] [34] [35] . In addition, virtual noncontrast images (subtraction images) and iodine map images can be synthesized from dual-energy datasets ( fig. 3 ). According to a previous study, these postprocessed image sets may improve evaluation of the therapeutic response of HCC to radiofrequency ablation and may also lead to lower radiation doses if precontrast CT scans can be replaced by virtual noncontrast images [36] . Given that iodinated contrast material provides greater X-ray attenuation at low tube voltage settings through an increased photoelectric effect, it is expected that low-kVp images of dual-energy datasets will be more sensitive than high-kVp images in detecting hypervascular liver lesions such as HCC, despite the higher noise levels [28] . As an alternative approach for improving detection of hypervascular HCC on CT, fused images can be created by blending the CT datasets obtained at different tube energies [37] . Nonlinear blending (such as sigmoid blending) of dual-energy datasets can create images with better contrast-to-noise ratios than 80-kVp images or linear blending methods. This improvement is achieved by using data recorded at 80-kVp for highly attenuating materials and using data from 140-kVp for reducing noise [38] . Sophisticated blending techniques may be able to reduce contrast material usage and patient radiation exposure. Moreover, monochromatic images that provide energyselective information can also be synthesized from dual-energy datasets. Monochromatic images are generated from CT images as if the X-ray source produced X-ray photons of a single energy only. Because monochromatic images are generated from projection-space data, they are considered to be less affected by beam-hardening artifacts [39, 40] . Further clinical research and technique refinement will be needed as the usage of these exciting technologies spreads.
Diffusion-Weighted Imaging
DWI is based on intravoxel incoherent motion (IVIM) and provides noninvasive quantification of water diffusion and microcapillary blood perfusion [41] . DWI has been widely used in neuroimaging to evaluate early-stage stroke or various grades of brain tumors, but it has played a limited role in abdominal imaging because DWI is highly sensitive to motion artifacts. However, recent technical advances in MR such as parallel imaging techniques and new scanners with improved B0 inhomogeneity make DWI applicable in abdominal imaging, especially in liver imaging. DWI is a quantitative imaging technique that assesses water proton mobility in living tissue by calculation of the apparent diffusion coefficient (ADC). In malignancy, tumor cells are densely packed in a tissue; high cellularity in a tissue restricts the motion of water molecules and results in decreased ADC values compared with the surrounding normal tissue. In contrast, benign lesions have relatively low cellularity, and water molecule movement is relatively free. Thus benign lesions exhibit higher ADC values than malignant lesions. DWI does not require gadolinium contrast material, which is attractive in patients with renal dysfunction and in patients at risk for nephrogenic systemic fibrosis.
DWI has been reported to improve the detection rate of focal liver lesions (FLLs) compared with the use of T2-weighted images [42, 43] , and it adds value to the hepatobiliary phase of gadolinium-enhanced MR in the cirrhotic liver [44] [45] [46] [47] . In addition, DWI has been used to characterize FLLs; benign lesions such as hepatic cysts and hemangiomas exhibit higher ADC values than malignant lesions including HCCs and metastases [43, [48] [49] [50] [51] [52] (fig.  4) . Another interesting application for DWI in liver cancer is the monitoring of treatment after chemotherapy or chemoembolization. DWI and ADC maps can be used to investigate tumor viability at the cellular level by providing insight into molecular water compositions [53] . Viable tumors are highly cellular, and these cells have an intact cell membrane, thus restricting the motion of water molecules and resulting in a decrease in the ADC value. In contrast, cellular necrosis causes increased membranous permeability, allowing free diffusion of water molecules and a marked increase in ADC. This technique enables the detection of early cellular necrosis [53] . DWI has been reported to be useful in monitoring treatment responses after chemotherapy, radioembolization, and chemoembolization [54] [55] [56] [57] [58] [59] [60] [61] [62] . The maximal lesion-to-parenchyma enhancement ratio of the iodine map can be achieved by subtraction of the background water density. Note the high density in the ribs and vertebral body both on the virtual noncontrast image and on the iodine map. This is caused by incomplete decomposition of calcium with two basis materials based on water and iodine. e A virtual noncontrast image that represents a water density map by material decomposition of 80-kVp and 140-kVp images. Note that the iodine enhancement of HCC is subtracted and becomes null (arrow). The lipiodolized nodule is also subtracted (arrowhead) because it contains iodine just like HCC does. This is a well known limitation of virtual noncontrast images.
More recently, IVIM-DWI has been under investigation worldwide. IVIM-DWI quantitatively assesses all microscopic translational motions in a tissue, i.e., the motion of water molecules and the motion resulting from the microcirculation in randomly organized vessels, whereas conventional DWI is acquired on the assumption that all motions in a tissue are Brownian motion [63] [64] [65] . IVIM-DWI is able to differentiate the vascular contribution to overall water molecule movement using sufficient b-values, and it additionally calculates three perfusion parameters: true molecular diffusion, (which is pure molecular diffusion), pseudodiffusion, and the perfusion fraction. Several studies reported the usefulness of IVIM-DWI parameters in the differentiation of FLLs [66, 67] and the monitoring of treatment response after chemotherapy [68] (fig. 5 ). Although there have been only a few reports on IVIM-DWI, it is a promising tool for detection, characterization, and monitoring of FLLs, especially in patients who have renal parenchymal disease or are at risk from the adverse effect of contrast media, e.g., pregnant patients. 
Hepatocyte-Specific MR Contrast Agents
Based on emerging data, the most promising strategy for improving the diagnostic accuracy of imaging techniques for early HCC diagnosis may be the use of liver-specific contrast agents such as gadolinium-ethoxybenzyl-diethylenetriaminepentaacetic acid (Gd-EOB-DTPA, Primovist; Bayer HealthCare, Berlin, Germany) or gadobenate dimeglumine Gd-BOPTA (Multihance; Bracco Diagnostics, Milan, Italy) [69, 70] . The role of contrast-enhanced magnetic resonance (CE-MR) imaging with agents such as GD-EOB-DTPA is growing, with this modality being widely viewed as a problem-solving tool [9] . The biphasic nature of Gd-EOB-DTPA enables dynamic-phase imaging, and because approximately 50% of the contrast agent is taken up by organic anion transporter (OATP1B3) receptors in functioning liver hepatocytes, images can be obtained in the hepatobiliary phase [71, 72] . This makes Gd-EOB-DTPA MRI a comprehensive liver analysis tool, and these features are expected to improve tumor detection and characterization compared with other imaging modalities. In particular, this modality enables small lesions to be monitored over a longterm follow-up period, increases the accuracy of diagnosis of post-resection liver-related complications, and allows the anatomical and functional information obtained from imaging to be used for treatment planning [9, 73] (fig. 6) .
Use of extracellular contrast media for dynamic MRI provides sufficient information for confident diagnosis of typical enhancing HCC, but to identify hypovascular lesions and mimickers, more information is required. This information gap has traditionally been filled by fine-needle biopsies and immunohistochemical analysis; however, the extra information provided by dual-contrast agents such as Gd-EOB-DTPA, with the characteristics of both dynamic and hepatobiliary-phase imaging (HBPI), may allow a more detailed and confident diagnosis of cirrhotic liver lesions from one MRI procedure (figs. 7, 8) . Updated guidelines on HCC detection and diagnosis from the Japan Society of Hepatology include HBPI information in their algorithm as a problem-solving tool when dynamic MR or CT imaging shows atypical vascular features [74] (fig. 7) . In addition, the use of contrast-enhanced MRI with agents such as Gd-EOB-DTPA could improve the detectability rate of early HCC or daughter nodules (i.e., nodules around 1-1.5 cm) ( fig. 8) . In a study of 30 resected specimens, a low to slightly low signal intensity in the hepatobiliary phase of Gd-EOB-DTPA MRI correctly identified 23/24 hypovascular hepatocyte nodules as early HCCs [only 1 nodule was wrongly identified as a dysplastic nodule (DN) or a regenerative nodule (RN) ]. An iso-to high intensity signal correctly identified 5/6 lesions as a DN or RN (only one nodule was wrongly identified as early HCC). The detection accuracy was 93% (28/30) in this study [75] . Furthermore, as the degree of OATP8 expression declines according to malignancy grade during multistep hepatocarcinogenesis, there will be a decline of enhancement ratio on hepatobiliary-phase images because of reduced Gd-EOB-DTPA uptake. Calculation of this enhancement ratio could be useful for estimating malignancy grade [76] . However, a small proportion of HCCs are iso-or hyperintense during the hepatobiliary phase of Gd-EOB-DTPA-enhanced MRI (i.e., around 5-10% of HCCs; these show prominent expression of OATP8, probably due to genetic alterations) ( fig. 9) . The presence of a focal defect in contrast media uptake and a hypointense rim can help to differentiate hyperintense HCC from benign lesions such as focal nodular hyperplasia-like nodule or dysplastic nodule [77] . Previous immunostaining studies showed that hypointense HCCs on HBPI have lower expression of OATP8 [72] . Furthermore, Gd-EOB-DTPA has shown favorable results in several studies for differentiation between arterial-enhancing pseudolesions (AEPs) and small HCCs [26] . The majority of HCCs in these studies (95.4%; n=42/44) displayed low hypointensity during the hepatobiliary phase of Gd-EOB-DTPA-enhanced MRI, whereas most AEPs were isointense on the hepatobiliary phase (94.3%; n=50/53); the sensitivity of Gd-EOB-DTPA MRI was significantly higher than that for multiphasic CT (93.9% and 90.9% [with two MRI reviewers] vs. 54.5% and 54.5% [with two CT reviewers], respectively) in these patients [26] .
There is growing evidence that Gd-EOB-DTPA-enhanced MRI has high sensitivity for the diagnosis of HCC in cirrhosis. It provides additional imaging features in the hepatobiliary phase that can be useful in the characterization of borderline hepatocellular lesions, in the diagnosis of early HCC, and to characterize HCCs showing atypical vascular enhancing features. The high detection rate of HCC with Gd-EOB-DTPA-enhanced MRI seems not only to improve preoperative planning, but also has the potential to reduce the costs associated with further imaging.
Perfusion Imaging
The fundamental principle of perfusion CT or DCE-MRI is based on the temporal changes in tissue attenuation after intravenous administration of iodinated contrast media. Tissue enhancement can be divided into two phases: that of the intravascular compartment and that of the extravascular compartment. By obtaining a series of CT images in 9 . Surgically confirmed HCC showing increased contrast uptake on hepatobiliary-phase imaging of Gd-EOB-DTPAenhanced liver MRI. a An arterial-phase Gd-EOB-DTPA-enhanced liver MRI shows a hyperenhancing tumor (arrows) in the right posterior segment of the liver.b A portal-phase Gd-EOB-DTPA-enhanced liver MRI shows a hypointense lesion (arrows). c On a hepatobiliary-phase image, the tumor (arrows) shows hyperenhancement resulting from increased expression of OATP8, probably due to genetic alterations. d The gross specimen shows a large mass with mixed components and bile staining. quick succession during these two phases and applying appropriate mathematic modeling, the parameters of tissue perfusion in the region of interest can be quantitated. Two representative kinetic modeling techniques can be used: compartmental analysis and deconvolution analysis [78] . Perfusion imaging techniques such as perfusion CT and DCE-MRI provide qualitative and quantitative data on the regional and global changes in hepatic blood flow, which help to characterize the hemodynamics of HCCs and background liver parenchyma [79] [80] [81] [82] [83] [84] [85] [86] . There has been a gradual increase in the utility of perfusion imaging in oncology, with the wide spectrum of clinical applications including (1) lesion characterization (differentiation between benign and malignant lesions); (2) identification of occult malignancies; (3) provision of prognostic information based on tumor vascularity; and (4) monitoring therapeutic effects of the various treatment regimens [1, 3, 15] .
Considering that alteration in the relative arterial and portal venous blood flows in the liver is known to be associated with the evolution of liver cirrhosis and multistep hepatocarcinogenesis [87] [88] [89] [90] , perfusion CT and DCE-MRI can be used for the diagnosis, prognostic evaluation, and monitoring of response to therapy of liver HCCs. In terms of diagnosis, malignant liver tumors have been reported to have high perfusion values (high blood flow, high blood volume, high permeability, and low mean transit time) compared with normal tissue [11, 12] . In terms of treatment monitoring, HCCs show a fall in blood flow, blood volume, and permeability after antiangiogenic treatment or chemoembolization [13, 14] .
1) Perfusion CT
After injection of a bolus of contrast medium, perfusion CT is performed by the acquisition of serial images from which a time-attenuation curve is generated. From the time-attenuation curve, we can obtain quantitative perfusion parameters, including tissue blood flow, tissue blood volume, mean transit time, and permeability [10, 83, 91] . Various perfusion CT protocols have been proposed; the most appropriate should be chosen depending on the pertinent physiologic parameter that needs to be analyzed. Dynamic imaging acquisition includes a first-pass study, a delayed study, or both. The first-pass study comprises images acquired in the initial cine phases for a total of approximately 40-60 s. To measure the permeability, a second phase ranging from 2-10 min is added after the first-pass study. A contrast bolus of 40-70 mL and an injection rate ranging from 3.5 to 10 mL/s are usually required for optimal perfusion analysis [78] . Perfusion CT provides quantitative data regarding perfusion parameters and might, therefore, help differentiate diverse tumor tissue based on perfusion behavior, thereby allowing therapies to be monitored, biopsies to be planned, and tumors to be graded ( fig. 10) .
Recent studies have reported the usefulness of perfusion CT for monitoring the response to antiangiogenic therapy and predicting outcomes in patients with HCC, which shows the feasibility of using perfusion parameters as in vivo biomarkers of tumor vascularity [55, [92] [93] [94] . Perfusion CT can also be used for detection of recurrence after radiofrequency ablation [95] and for patient selection and assessment of the early treatment response to transcatheter arterial chemoembolization (TACE) [96] [97] [98] . Perfusion CT may play a role in early detection and assessment of the severity of liver cirrhosis [99] , and this functional evaluation of liver parenchyma may be important for planning surgery and evaluating therapy [86] . However, the major drawback of perfusion CT is the high radiation exposure, which makes it difficult to apply in HCC surveillance and in serial examination for evaluation of treatment response [83, 100] . Recent studies demonstrated that noisereduction techniques such as adaptive statistical iterative reconstruction are able to decrease the radiation dose associated with perfusion CT by providing similar image quality at significantly lower radiation doses [31, [101] [102] [103] . Another approach for evaluating the hemodynamic changes of cirrhotic nodules using CT is quantitative CT color mapping of the arterial enhancement fraction (AEF, the ratio of the increased attenuation during the arterial phase to the increased attenuation during the portal venous phase) of the liver calculated from conventional dynamic CT images; the AEF may be used as a surrogate perfusion parameter without the requirement of exposing the patient to additional radiation [104] [105] [106] [107] . AEF imaging shows better conspicuity of the mass than conventional imaging. I believe that this technique can be applied in the detection of HCC and the monitoring of therapy.
2) Dynamic Contrast-Enhanced MRI DCE-MRI is a noninvasive functional imaging method for investigating microvascular structure and function by tracking the pharmacokinetics of an injected contrast medium, in an approach similar to that of perfusion CT. DCE-MRI generates quantitative perfusion parameters such as the volume transfer coefficient (K trans ) of contrast medium between the blood plasma and the extravascular extracellular space (EES), the volume of the EES, and the initial area under the curve [108, 109] . Malignant liver tumors have been reported to show high perfusion values (high blood flow, high blood volume, high permeability, and low mean transit time) compared to normal tissue, and these differences can be used for diagnosis, [91, 110] (fig. 11 ). Thanks to recent advances in MRI technology, whole-liver perfusion images can be obtained at high temporal and spatial resolution [41] . Therefore, DCE-MRI is a promising technique for HCC surveillance and can be performed without ionizing radiation [84] . Because the hemodynamic features of HCC can be detected and quantified by DCE-MRI, many clinical trials have used DCE-MRI as a biomarker of drug efficacy for evaluating antiangiogenic and vascular disrupting agents [108, [111] [112] [113] [114] [115] [116] . In terms of monitoring the response of HCC to antiangiogenic drugs such as Sorafenib or other new drugs, quantitative parameters derived from DCE-MRI have demonstrated correlation with drug activity [117] [118] [119] [120] . In addition, parameters obtained by DCE-MRI can be used for response monitoring or outcome prediction after regional chemotherapy [121] or TACE [122] .
Elastography
For evaluation of superficial organs, manual palpation is one of the most important diagnostic techniques of physicians to assess the stiffness of a lesion: normal tissue or benign lesions are soft, but malignant lesions are firm and rigid on palpation. Elastography is a recently developed method that quantitatively measures the stiffness of a tissue by detecting the wave propagation velocity in deeply seated organs such as the liver as well as in superficial organs using US (USE) or MR (MRE). The shear wave speed is high in hard tissue such as that in tumors and relatively low in the surrounding normal tissue [123, 124] . Because elastography was found to be a promising tool for detection and characterization of breast lesions, there have been attempts to evaluate the feasibility of elastography in detection and characterization of FLLs. USE and MRE have been used to estimate the stiffness of FLLs. USE techniques include transient elastography (TE), which is a nonimaging ultrasound method, and imaging ultrasound methods such as real-time elastography, acoustic radiation force impulse (ARFI) imaging, and supersonic shear imaging (SSI) or shear wave elastography (SWE). It has been reported that TE is a reproducible, noninvasive method for liver stiffness measurement; however, it does not provide anatomic information in B-mode. It also has limited applicability in obese patients [125] . ARFI and SSI are conventional US imaging-based techniques that enable operators to correlate anatomy with elastography. Both have been reported to give reproducible liver stiffness measurements [126, 127] . USE techniques are useful for FLL characterization [128] [129] [130] and can detect recurrence after local treatment [131] (fig. 12 ). In liver, SSI is still under investigation, whereas it is in regular use in the evaluation of breast focal lesions.
MRE is a phase contrast-based MR technique that is able to measure the propagating shear wave in a tissue generated by a vibration device [132, 133] . Preliminary stud- 11 . DCE-MRI of the same patient as that in Fig. 9 . Although Gd-EOB-DTPA-enhanced MRI showed atypical enhancement of the pathologically confirmed HCC lesion in the right lobe of the liver, the K trans map of DCE-MRI shows increased K trans values compared with that of adjacent liver parenchyma. Fig. 12 . US elastography images of HCC and hemangioma. A hyperechoic mass was shown to have increased stiffness on US elastography using SSI (a). It was confirmed as HCC on biopsy. A small hyperechoic low-stiffness nodule with a stiffness value similar to that of liver parenchyma on US elastography using SSI (b) was revealed as a hemangioma on followup MR. ies showed its feasibility for characterization of hepatic focal lesions: malignant tumors showed higher stiffness values than benign tumors or normal liver parenchyma [134, 135] ( fig. 13) . Inspired by the successful application in clinical practice of MRE to noninvasive evaluation of fibrosis of the liver, recent studies have tried to evaluate the utility of MRE in characterizing liver tumors, and preliminary study results show that MRE is feasible for imaging and characterizing solid liver tumors [134] . Malignant tumors had greater stiffness values than benign tumors and normal liver parenchyma. Thus, MRE is a promising noninvasive technique for assessing solid liver tumors. Use of MRE may lead to new quantitative tissue characterization parameters for differentiating benign and malignant liver tumors. Although further investigation is needed, MRE has several advantages over TE or ARFI: MRE covers a larger volume of the liver [136] and can be applied in obese patients or patients with ascites. MRE and USE have been frequently used in evaluation of hepatic fibrosis, but these examination modalities have potential as tools for HCC diagnosis and monitoring.
Summary
The role of liver imaging is no longer to provide anatomical information and to evaluate structural abnormality; it has evolved to a point where it can assess functional, cellular, and architectural alterations and provide important information on lesion or organ biology. Multiparametric functional studies, such as those including perfusion imaging, diffusion imaging, stiffness imaging, and cell imaging with tissue-specific contrast media, will, in combination with conventional imaging studies, become an essential part of HCC diagnosis in daily practice.
